Passive acoustic mapping (PAM) is receiving increasing interest as a method for monitoring focused ultrasound (FUS) therapy. PAM would be beneficial during transcranial cavitation-enhanced FUS treatments, particularly non-thermal, cavitation-mediated applications such as FUSinduced blood-brain barrier disruption or sonothrombolysis, for which no real-time monitoring technique currently exists. However, the use of PAM in the brain is complicated by the presence of the skull bone. If not properly accounted for, skull-induced aberrations of propagating cavitation emissions will lead to image distortion and artifacts upon reconstruction. Through the use of numerical simulations, this study investigated the feasibility of transcranial PAM via hemispherical sparse hydrophone arrays. A multi-layered ray acoustic transcranial ultrasound propagation model based on computed tomography (CT)-derived skull morphology was developed. By incorporating skull-specific aberration corrections into a conventional passive beamforming algorithm [Norton and Won, IEEE Trans. Geosci. Remote Sens. 38, 1337-1343], simulated acoustic source fields were spatially mapped through digitized human skulls. The effects of array sparsity and receiver element configuration on the formation of passive acoustic maps were examined. Multiple source locations were simulated to determine the imageable volume within the skull cavity.
INTRODUCTION
Transcranial applications of FUS show great promise for the non-invasive treatment of a variety of brain disorders, including thermal ablation for brain tumor therapy [1] as well as the treatment of functional brain disorders [2, 3] , sonothrombolysis for stroke treatment [4] , and FUS-induced BBBD for targeted drug delivery [5, 6] . Currently monitored via magnetic resonance imaging (MRI), transcranial FUS therapy, in particular cavitationmediated applications such as FUS-induced BBBD and sonothrombolysis, would benefit from an online method to monitor the cavitation emissions generated during the treatments.
Spectral characteristics of the generated cavitation field during both sonothrombolysis [7] and FUS-induced BBBD [8] have been correlated with the biological effects of the sonications, and may offer an online method to monitor and control the treatments [9] . In those studies, a single-element passive cavitation detector (PCD) was employed to capture the acoustic emissions. However, acoustic monitoring with a single-element PCD presents a tradeoff between spatial specificity and spatial sensitivity of the detection region. Generating spatial maps of cavitation activity would require mechanically scanning the PCD's focus over a region of interest, introducing an impractical time-space constraint.
Recently, the use of multi-element passive imaging arrays has been shown to overcome these limitations by allowing for spatial resolution over a large area [10] . Such PAM would be beneficial during transcranial, cavitationmediated FUS treatments to ensure that cavitation, and its associated bioeffects, occur only within the intended target volume. In the brain, cavitation mapping is further complicated by the presence of the skull bone. If not properly accounted for, the skull-induced aberrations of propagating cavitation emissions will lead to image distortions and artifacts upon reconstruction.
This paper presents results from a simulation study investigating the feasibility of transcranial PAM using hemispherical sparse hydrophone arrays. Sparse arrays have been investigated for both traditional active US imaging [11, 12] and FUS therapy [13, 14] due primarily to their strong performance and relatively low technical complexity. By incorporating appropriate skull corrections, calculated using a multi-layered transcranial US propagation model, into an established passive beamforming algorithm, images of acoustic source fields through digitized human skulls could be reconstructed. The dependence of receiver number and placement on the image quality of resulting passive acoustic maps was examined. Additionally, the imageable volume within the skull cavity was determined by simulating multiple source locations.
METHODS
The propagation of US through the human skull was simulated using a multi-layered ray acoustic model [15] based on CT-derived skull morphology [16, 17] . A previously reported 3-layered ray acoustic model that includes shear wave propagation within the skull bone [18] was improved by including corrections that take into account the skull's spatially dependent material parameters. This was achieved by calculating spatially averaged acoustical properties independently for each ray path traversing the skull. A complete mathematical treatment of the numerical model is not presented here, but descriptions of similar models can be found elsewhere in the literature [18, 19] .
A schematic of the problem of interest (hemispherical array, water, skull bone, and brain tissue) is shown in FIGURE 1. The origin of the simulation coordinates was set as the geometric focus of the hemispherical array. We define the x, y, and z axes as the posterior-to-anterior, left-to-right, and inferior-to-superior axes, respectively. The center of each transmit element in the 30 cm diameter hemispherical phased array [20] was considered a potential receiver location. For numerical simulation the circular piston receivers (2.48 mm diameter [21] ) were subdivided into quadrilaterals no larger than λ/12 in any dimension, where λ is the acoustic wavelength in water, and the measured signal of each receiver was calculated as the integral of the pressure over its surface area [22] . Sparse hydrophone arrays with element counts ranging from 16 to 1372 were simulated. For each array population fraction, 10 receiver configurations were simulated. Sparse array configurations were generated by pseudo-randomly distributing the receiver elements over the entire aperture of the hemispherical array, providing superior spatial resolution during passive imaging [23] . CT scans (GE LightSpeed VCT Scanner, 320 × 320 × 205 mm 3 field of view, 0.625 × 0.625 × 0.625 mm 3 voxel size) of human cadaver skulls were analyzed to extract the morphological information required for input into the numerical propagation model. A linear relationship between the CT image intensity and the skull density was assumed [24] . The resulting density maps were manually segmented to extract all possible bone voxels. The segmented data were fed into an isosurface generation algorithm [25] to generate triangulated meshes of the inner and outer skull surfaces. Each skull mesh was created such that no surface area element exceeded (λ/2) 2 . The volume between the skull and the array was filled with water and the volume enclosed by the inner skull was filled with brain tissue, whose material parameters used in the simulation model are given in TABLE 1. The skull bone's longitudinal acoustical parameters were estimated by interpolating the empirical relationships presented in [26] , which relate the longitudinal speed of sound (c l ) and attenuation coefficient (α l ) of human skull bone to its apparent density (ρ) and the US frequency (f). The following approximations were used for the shear counterparts: c s (f,ρ) = (1400/2550) × c l (f,ρ) and α s (f,ρ) = (90/85) × α l (f,ρ), as done in [27] . In simulating transcranial PAM, the propagation model described above was used to simulate the signals recorded by the virtual array due to an acoustical source location within the brain, and also to calculate each hydrophone's set of skull corrections required for transskull image reconstruction. The skull-specific, CT-based corrections were incorporated into a conventional passive beamforming algorithm known as Time Exposure Acoustics, described in [23] .
A total of 7 source locations inside each skull cavity spanning ±25 mm along the x-, y-, and z-axes were investigated (see FIGURE 1). All simulations were carried out for a source frequency of 500 kHz. A threedimensional volume of 20 × 20 × 20 mm 3 centered about each source location was reconstructed with a grid spacing of λ/12. A corresponding set of simulations was conducted for these source parameters but with the skull and brain tissue being replaced by water. These idealized water-path cases were used as control cases.
RESULTS

FIGURE 2
shows the -3dB intensity isosurfaces of the passive acoustic maps of a 500 kHz point source at each of the 7 simulated source locations within the skull cavity reconstructed with a hemispherical hydrophone array containing 128 receiver elements. Each isosurface encloses the volume in which the intensity is no less than 50% of the peak main lobe intensity. When skull corrections are not included in the image reconstruction, significant distortions in the shape and location of focal volumes result, in comparison to the control water-path case (data not shown), and at some locations multiple foci can appear. However, taking appropriate skull corrections into account leads to well-defined ellipsoidal focal volumes centered about the corresponding source locations that match closely with the control water-path case (data not shown). For this receiver configuration and set of source locations, the -3 dB axial and lateral main lobe beamwidths were on average 2.8±0.3 mm and 1.4±0.1 mm, respectively, while the peak sidelobe value ranged from 8.1% to 9.8% of the peak main lobe intensity, with a mean level of 9.0%±0.7%. FIGURE 3 shows the -3 dB main lobe beamwidths and peak sidelobe ratio as a function of receiver element number for a 500 kHz source located at the array's geometric focus. The peak sidelobe ratio was found to decrease with increasing element counts from 69.8%±10.7% with 16 elements to 8.2% with 1372 elements. However, the main lobe beamwidths were not substantially affected by array sparsity. 
CONCLUSION
This numerical study showed that by including predictive skull-specific corrections into a conventional passive beamforming algorithm, PAM was possible through a digitized human skull for the simulated sparse receiver arrays and proposed transcranial US propagation model with a source frequency of 500 kHz. On average, the performance (peak sidelobe ratio, main lobe dimensions) of sparse receiver arrays containing 128 elements is not significantly worse than the full array performance, at least for sources near the geometric focus, suggesting the feasibility of transcranial PAM via hemispherical receiver arrays containing practical element counts. Acoustic sources spanning
